SUMMARY : Root-nodules of Elaeagnus spp., Hippophae rhamnoides, Alnus glutinosa and Myrica gale are modified lateral roots. The enlarged cortical cells of an actively growing nodule contain the endophyte in several stages of development. The apical meristem is free from infection but the cells just behind it show a plasmodia1 stage. In older parts of the nodules, spherical vesicles are formed in species of Elaeagnus, Hippophae and Alnus and club-shaped bodies in Mym'ca and from these small, bacteroid-like granules are produced. There is some evidence that granules formed in different host cells fuse in pairs and possess some ability to migrate within the nodule and into the soil. No definite hyphae can be seen in any of the nodules, but well-marked protoplasmic strands or lines of flow are present, particularly in the endophyte of Myrica.
I n active nodules of these three species the endophyte is most conspicuous in the cortical cells just behind the growing apex. Here the infected cells are enlarged and filled with the endophyte. The infected lateral shows at least three zones corresponding with the stage of development of the parasite (Pl. 1, figs. 1, 2), and this may account for the varied descriptions met with in the literature. I n the extreme tip of the nodule the host cells are not infected, are normal in shape and the walls are thin and entire (Fig. l a ) . Just behind this uninfected growing tip the cortical cells are not completely filled with the endophyte which is seen as an amorphous mass of naked protoplasm surrounding the host nucleus ( Fig. l b , c) . Further back from the tip, where the infection is presumably more advanced, some cells show the host nucleus pushed to one side with the remains of the host protoplast which is in process of absorption by the parasite ( Fig. 2; P1. 1, fig. 3 ). Other cortical cells are completely filled with an undifferentiated mass of protoplasm which resembles the plasmodium of Plasmodiophora. The nucleus of the host cell remains more or less intact for some time after the rest of the cell contents have been absorbed, but later becomes distorted and is finally also absorbed. Delicate protoplasmic strands which pass through the host cell walls connect the ' plasmodia ' in neighbouring cells ( Fig. 1 b, c) . Observations of this ' plasmodial ' zone immediately behind the apical meristem of the infected root suggest that the endophyte advances with the seasonal growth in length of the nodule by penetrating the cell walls and becoming established in the young cells shortly after they are formed. The 'plasmodia' of the parasite appear to flow through the pierced wall of an infected cell into a younger and hitherto uninfected one, the nucleus of which is soon surrounded.
In the second and most conspicuous zone of the infected area, situated on the side of the plasmodial zone remote from the apex of the nodule, the majority of the host cells are each filled with a cluster of small spherical bodies (diam. about Pp.) embedded in a network of protoplasm, derived from the plasmodium, which may be connected by protoplasmic strands with that in neighbouring cells (Fig. If; Fig. 2 ; P1, 1,  fig. 3 ). In some cells these bodies may be seen in process of differentiation. At this stage preparations stained with gentian violet or iron alum haematoxylin show numerous minute nuclei in process of division (Fig. I d ; Fig. 3 ; P1. 1, fig. 4 ). These are so small that the method of division could not be determined with certainty, but the presence of an equatorial dark-stained band suggests a normal nuclear division. This division is simultaneous throughout the contents of a single host cell and takes place very rapidly since it is seen only in a few cells in any one section and is not always present. At a slightly later stage the protoplasm of the plasmodium becomes aggregated into dense spherical masses which later become surrounded by clear areas or walls (Fig. le-g ). When such a mass is seen free from host tissue in gently squashed hand or freezing microtome sections of fresh material, the spherical bodies separate slightly from one another and single specimens on the periphery of the mass appear to give rise to minute particles IP: 54.70.40.11
On: Sat, 15 Dec 2018 00:37:24 N o n -l e g u m i n o u s root-nodules 371 ( <0*5,u. dia.) which move away sluggishly leaving the collapsed vesicle. In sections of fixed material the contents of the cluster of spheres stain deeply with gentian violet or iron alum haemotoxylin. These deeply stained masses Fig. 1 . Hippophae rhamnoides. Stages in development of endophyte. a, uninfected sternatic cells from apex of nodule. b, cell from zone behind apex (zone P, P1. 1, fig. 1) showing young plasmodium ( p ) which has entered cell through a small pore in the wall and has surrounded the host nucleus (n). ( m ) remains of plasma membrane. c, cell from same zone, slightly more advanced stage of infection. Plasmodium ( p ) half-filling cell, host nucleus (n) showing erosion. Strands (st) extending to host cell walls and into adjacent cells. d to f, stages in the formation of sporangia (zone S of P1. 1, fig. 1 are a t first regularly granular and finally break up unto small particles ( < 0 . 5 ,~. diam.) which are liberated ( Fig. 1 h-i) . Empty collapsed vesicles, comparable to those seen in fresh squashed material, can also be seen in the stained sections (Fig. 2) . The small bodies liberated from a cluster of vesicles flow in a muci-laginous mass into neighbouring cells and intercellular spaces. The third zone of the infected part of the nodule lies a t the base and its extent depends 011 the age of the nodule. Here the host cells are almost empty and the walls are much broken and disintegrated. In the cells nearest the active zone of infection disintegrating remains of collapsed vesicles (Fig. lk) and protoplasmic strands may be seen, but further towards the base of the nodule few traces of the endophyte remain. It is not clear what becomes of the parasite at this stage. The most likely explanation is that the bulk of the protoplasm of the organism is used up in the formation of the small particles and that these escape into the soil by some means. These minute bodies are readily washed out of microtome sections during staining once they have escaped from the host cell in which they were formed, and they are too small to be identified with
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any certainty in fresh unstained material. In some of the preparations of Hippophue, however, these granules were observed in cracks in the cork coat at the base of the nodules whence they might be expected to pass out into the soil. Such cracks frequently arise as a result of renewed growth of the nodule following a return of favourable soil conditions, and it may well be that the granules normally escape in this way. In Elmagnus the cells of each zone are not so uniformly infected as in Hippophae, and neighbouring cells which have hitherto escaped infection are invaded by the granules and a 'plasmodium' subsequently develops. It is also possible that the protoplasm of the plasmodium stage may flow out into the soil as such masses of protoplasm have occasionally been seen in cracks in the cork coat of the nodule. There is no means of determining whether such a mass is entering or escaping from the nodule. A similar migrating plasmodium has been figured by Schaede (1933) in a root-nodule of Alnus japonica, and is interpreted by him as showing penetration of the endophyte into the nodule, despite the fact that the nodule is already infected. Whatever the method by which the endophyte escapes from mature nodules into the soil it is clear that young lateral roots become infected from the soil as they emerge from the surface of the parent root. There is a short period when the region just behind the root cap is quite unprotected. A cell completely filled with the invader has been seen in this position when there was no trace of the endophyte in either the parent root or the extreme tip of the rootlet. The invading organism probably obtains entry in the form of a free-moving particle from the soil.
Lilian E. Hawker and Joan Fraymouth

Alnus glutinosa
The endophyte in root-nodules of Alnus is again confined to the cortex behind the growing point, but it occurs in tangentially-arranged plates of cells separated by normal ones containing large compound starch grains and others containing a dark amorphous substance (Pl. 2, fig. 1 ). The latter resemble the tannin cells characteristic of tree roots infected with ectotrophic mycorrhiza-forming fungi, and their presence suggests a host reaction to the presence of the invader whose migrations are thus restricted.
The morphology and life history of the endophyte are essentially similar to those of the endophytes of Elaeagnus and Hippophae. The vesicles are larger (6p. diam.) and a bigger proportion of the protoplasm is used up in their formation so that instead of being embedded in a network of protoplasm they are attached to fine strands, giving them the appearance of a bunch of toy balloons ( Fig. 4 ; P1. 2, fig. 1 ). This is particularly clear in expressed fresh material (Fig. 5 ) . The connecting strands of protoplasm linking the bunches of vesicles in adjacent cells are more substantial than those of the endophytes of Elaeagnus and Hippophae, but still have no definite cell wall and are too irregular in size and shape to be interpreted as hyphae.
The granules are more readily liberated from the vesicles in fresh material, when they tend to form a dense 'halo' round the expressed endophyte, than in the other two species. They are also seen more frequently in stained preparations of alder nodules (Pl. 2, fig. 2 ) than in those of Elaeagnus and Hippophae, but this may be due to greater resistance of the host walls to attack so that escape and migration of the granules are more difficult. Granules are frequently seen in the intercellular spaces, however, and the doubling of their size, presumably as a result of conjugation, has been most clearly seen in this species (Fig. 6) .
Myrica gale
The endophyte in root-nodules of M . gale shows some important differences from those of the hosts already considered. It occurs throughout the cortex and shows a somewhat similar zoning of the infected area, but the parasite has a particularly striking effect upon the cells of the host a t an early stage of infection. Invaded cells are much enlarged, the nucleus is rapidly absorbed, and the walls are altered so that they give a yellow reaction with aniline chloride which suggests lignification, as pointed out by Schaede (1939). The invading organism has difficulty in penetrating these walls. Passage of the plasmodium from one cell to another takes place by way of small pores in the host wall which have presumably been made by the invader (Fig. 7 b ) . Frequently funnels of host-wall material extend into the cell from the pore ( Fig. Yc-e;, P1. 2, fig. 3 ) and are no doubt a host reaction to penetration, reminiscent of that seen in response to the penetration of clover by Rhixobium Zeguminosarum (Thornton, 1949) and of various plants by such fungi as Erysiphe polygoni. The result is that at each cross-wall the plasmodium is restricted to a narrow channel and oozes through the pore in a thick stream Non-leguminous root-nodules 375 ' Bacteroid'-like granules ( g ) which have escaped from the vesicles, and larger granules (Zg) which are probably the result of conjugation of the smaller ones. Non-leguminous root-nodules 377 which continues across the cell to the opposite wall and which may often be traced through several cells in one section ( Fig. 7u-c the direction of flow of the protoplasm, as would be expected. The plasmodium fans out from this central strand to fill the periphery of the host cell with an amorphous or somewhat reticulate mass of protoplasm. Instead of the spherical vesicles seen in the previously described organisms, club-shaped structures develop at the periphery of the plasmodium of the (Fig. 8 a ; P1. 2, fig. 4 ). These stain deeply and uniformly with gentian violet, but their contents are seen to be granular in preparations stained with iron alum haemotoxylin (Fig. 8 b ) . There is no distinct membrane surrounding them as round the vesicles of the other parasites considered here, and the club-shaped bodies break up into packets of small particles resembling those formed within the vesicles of the other organisms (Fig. 8c) . These clubshaped bodies must break up rapidly after formation as they are seldom seen. In most preparations only the plasmodia1 and the particle stages are present ( Fig. 8c, d ; P1. 2, fig. 5 ) . In squash preparations made from thin sections of fresh material, granules have frequently been seen to detach themselves from
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Non-leguminous root-nodules 379 extruded masses of endophyte in the 'particle' stage and to move away slowly with a dancing movement. These particles are regular in size ( 0 . 5 ,~. long) and are tadpole-shaped with the posterior end pointed. I n sections these masses of particles are seen to be still enclosed within the plasma membrane of the host, even though all other host cell contents have been consumed, so that it is difficult to see how the separate bodies migrate unless they do so by way of the .
pores previously made by the protoplasmic strands which presumably pierced both membrane and cell wall.
DISCUSSION
Relation between the endophytes of Elaeagnus, Hippophae, Alnus and Myrica. The morphology and general life history of these endophytes is similar. All show a plasmodial stage and all finally produce minute migratory particles. The endophytes of Elaeagnus and Hippophae are morphologically indistinguishable and almost certainly belong to the same species. In experiments which are still in progress, and which are to be repeated, cross-infection of these two hosts took place. The endophyte of Alnus is closely related but differs in the greater size of the vesicles and in the almost complete utilization of the protoplasm of the plasmodium during their formation. The endophyte of Myrica shows greater differences, notably the formation of the particles by the breaking up of club-shaped bodies, and may well be placed in a separate genus.
Nature ofthe endophyte. inclined to the view that the endophytes were bacteria but with some myxomycete and actinomycete characters. That the question was a t that time highly controversial is shown by Shibata's (1902) description of the Myrica endophyte as an actinomycete showing threads which broke up into bacteroidlike particles, by Bjorkenheim's (1904) claim to have seen fungal hyphae in the nodules, by Keissler's (1907) reference to the alder organism as Plasmodiophora aZni and by Jaap's (1907) report of the occurrence of P . elaeagni in Switzerland. In a cytological investigation of the Plasmodiophoraceae Maire & Tison (1909) excluded P. alni and P . elmagni from this group and agreed with Shibata. They described tenuous branched filaments, containing chromatin granules but with no membrane and no definite nucleus, and developing terminal vesicles which segmented into a number of small irregular bodies. Claims that these organisms are filamentous fungi, either Hyphomycetes or Phycomycetes, are untenable since they are devoid of cell walls, and the protoplasmic strands are of variable width and of too small a size to be interpreted as fungal hyphae. The fact that a second endophyte, an arbuscularvesicular type of endotrophic mycorrhizal fungus, is frequently seen in roots of Elaeagnus angustifolia suggests that some earlier writers may have confused the two organisms. The fungus, however, is present in the cortex of otherwise normal roots and is never seen in the nodules.
The theory that the protoplasmic strands seen by many observers are the hyphae or threads of an actinomycete is more plausible. In fixed material, particularly of Myrica gale, the protoplasmic strands have something of the appearance of fine hyphae, but examination of material fixed with modern fixatives shows that there are no cross-walls and no obvious containing walls, and that the width and branching of the strands are very variable. In fresh material these strands are even less like hyphae. The striated appearance * A = Alnus, C = Ceanothus, E = Elaeagnus, H = Hippophae, M = Myrica sometimes seen (Fig. 7) is due to the orientation of elongated particles along the direction of protoplasmic streaming across a cell from one pore to another. The protoplasm which fans out from the strands into the periphery of the cell or into a newly invaded cell is amorphous or indefinitely reticulate and thus bears no resemblance to the threads of an actinomycete. Attempts to interpret this amorphous mass as due to the disintegrating effect of a bacteriophage are unfortunate, as the ' plasmodia1 ' stage actually precedes the protoplasmic strand and ' bacteroid ' stages in the infection of any particular cell. The clubshaped bodies seen occasionally in the endophyte of M. gab bear a superficial resemblance to those produced by certain actinomycetes. The production of groups of bacteroid-like particles from these bodies differs from the fission of the hyphae of true actinomycetes and is not paralleled in the development of the terminal ' clubs ' of the latter. Moreover, the spherical vesicles of the endophytes of Alnus, Elaeagnus and Hippophae are unlike any structures seen in that group. Claims based on the reaction to the Gram stain and other stains are of little value since these reactions vary with the stage of development of the parasite. The claim made by Bottomley (1912, 1915) and Spratt (1912) that the endophytes of root-nodules of non-leguminous plants are identical with Rhixobium Lilian E. Hawker and Joan Fraymouth leguminosarum is untenable in view of the prevalence of plasmodia1 and sporangial stages. The observations of these workers must have been based solely on cells in which the endophyte was represented by the small bacteroid-like particles formed from the spherical or club-shaped sporangia. At this stage many cells may contain these particles, which bear a superficial resemblance to R. Zeguminosarum but do not show the typical T and Y forms or the characteristic banding of the bacteroids of this organism. The fact that neither we ourselves nor Miss S. Mount (unpublished) have been able to cultivate these organisms by methods which sufficed for the isolation of the clover bacterium is additional evidence that they are not identical or even similar. Bottomley's claim (Spratt, 191 2) that successful cross-inociilations were made between leguminous and non-leguminous hosts may have been based on faulty experimental technique. The present writers have reason to believe that the Elaeagnus and alder organisms are widely distributed in ordinary garden soil so that contamination might easily have taken place.
There remains the hypothesis that these organisms are members of, or a t least closely related to, the Plasmodiophorales. The present observations are consistent with this view. The plasmodial stages are strikingly similar to those of Plasm,odiophora brassicae with the exception of the greater tendency to form protoplasmic strands along the lines of flow. The development of these strands may be correlated with the degree of resistance of the host walls SO that when resistance is considerable the area of penetration is reduced to a small pore and the flow of the plasmodium thus canalized into narrow streams. Thus in Myrica the endophyte shows the most definite development of protoplasmic strands or channels of flow and the walls of the host cell show the most definite reaction and rapidly become lignified in response to the presence of the parasite. In AZnus, which shows less distinct strands, resistance takes the form of the production of tannin cells and the walls of the invaded cells show only slight alteration and readily break down. I n Elaeagnus and Hippophae, where the walls show little if any reaction to invasion and readily disintegrate, the invader shows very little development of protoplasmic strands and is frequently seen in the intercellular spaces. I n all these, invasion is limited to the nodules which may, however, attain considerable size and complex branched structure. I n Plasmodiophora brassicae, where resistance is slight and large areas of the root become involved, the cell walls offer little or no resistance to penetration, and consequently the plasmodium shows no development of protoplasmic strands corresponding to channels of flow but moves as an amoeboid mass.
The production of definite spherical sporangia by the endophytes of Elaeagnus, Hippophae and Alnus and of club-shaped ones by that of Myrica is no obstacle to the inclusion of these organisms in the Plasmodiophorales since modern work (Cook & Schwartz, 1929 , 1930 Cook, 1933; Karling, 1942) has suggested the existence of a sporangial stage in Plmmodiophora brassicae and in some other members of the group.
The sluggish movements of the released particles suggest that these may be myxamoebae rather than zoospores, but the presence or absence of flagella could not be determined with certainty.
The chromatin granules present in the plasmodium are very small and no mitotic nuclear divisions were observed. Where nuclear divisions were observed (in Elaeagnus (Fig. 3; PI. 1, fig. 4) and Hippophae) these were probably meiotic since they preceded the development of the sporangia. If they were reduction divisions, one would not expect them to be of the peculiar cruciform type described by some observers (Horne, 1930; Cook, 1928 Cook, , 1933 Webb, 1935) as typical of mitotic divisions in some members of the Plasmodiophorales. No such cruciform divisions were seen in any of the nodule organisms here described.
Thus the morphology and life histories of the endophytes of Elmagnus, Hippophae, Alnus and Myrica suggest that they are best placed in the Plasmodiophorales. The old names Plasmodiophora elaeagni and P. alni have much to recommend them, while the Myrica organism might best be placed in a separate genus based on the club-shaped sporangia and the very marked protoplasmic strands. This organism is in many ways an approach to the actinomycetes and indicates a possible means of the evolution of coenocytic hyphae by the development of protoplasmic strands along lines of flow in a plasmodium and the subsequent condensation of the outer layers of these to form a membrane or wall. All these organisms show characters, such as the formation of definite sporangia, which approach the true fungi and they thus afford evidence in support of the view that the Plasmodiophorales are indeed primitive fungi.
The physiological nature of the host-parasite relationship is still a matter of doubt. Claims have been made that these organisms are able to fix nitrogen, but some observers have found no evidence of fixation. I n our preliminary experiments and in those of Miss S. Mount (unpublished) seedlings of Hippophae rhamnoides grew to a height of 6 in. in sterilized sand without additional nitrates and were in no way inferior to inoculated seedlings with well-developed nodules, while seedlings of Alnus glutinosa in garden soil were equally vigorous whether they bore nodules or not. These experiments are being continued and extended. Naturally and artificially inoculated seedlings of these plants do not develop nodules until they have reached a considerable size, whereas inoculated clover seedlings develop them soon after germination. This suggests that the nonleguminous hosts are less dependent on, or even independent of, the nodule organism. The failure to isolate the endophytes by methods sufficing for the cultivation of Rhizobium suggests that the relationship may be one of obligate parasitism as with other species of Plasmodiophora. I n these examples, however, the parasite is more or less controlled by the resistance of the host. I n this connexion it is of interest that material of species of Ceanothus obtained by the writers and by Bottomley (1915) from various sources in England was devoid of root infection, but the plants were well developed, thus indicating that they were independent of the nodule-forming endophyte found by other workers in American material. Fig. 2 . 'Bacteroid' stage of endophyte in A. glutirwsa. These bacteroid-like granules (g) are formed in the vesicles or sporangia, disintegrating remains of plasmodium with empty vesicles (see fig. 1 ) . x 400. Fig. 3 . Plasmodium of endophyte of MyFica gale advancing towards tip of nodule. 1,2 and 3 are host cells in various stages of infection. Cell 1 is filled with endophyte, cell 2 is not completely filled and the plasma membrane (m) of the host is still visible, cell 3 has only just been entered. st, protoplasmic strands of endophyte; p, plasmodium, fanning out from these. Note tubular thickened mass of host cell wall ( w ) a t point where parasite has entered cell 2 from cell 1. x 500. fig. 4 . Club-shaped bodies (c) of the endophyte of M. gale forming at periphery of plasmodium (p) (stained gentian violet). 'Bacteroid' stage (g), a t lower left hand corner. x 200. 
